Hepatic steatosis resulting from the consumption of an argininedeficient diet in the rat was found to occur independent of age or size. The rate of lipid biosynthesis as indicated by in vitro incorporation of 14C-acetate was significantly increased in rats fed an arginine-deficient diet when expressed per milligram liver. Supplementation of the arginine-deficient diet with 1% ribose, 1% hypoxanthine or 0.2% adenine depressed the fatty infiltration caused by arginine deficiency. Inosine, xanthine or uracil supplementation did not signifi cantly alter the fatty infiltration, liver orotic acid biosynthesis or urinary orotic excretion induced by the arginine deficiency. Increased orotic acid excretion was also observed in the mouse, hamster and rabbit fed a diet devoid of arginine. However, consumption of the arginine-deficient diet for 21 days did not significantly alter the liver lipid content of mice, hamsters or rabbits. Although the fatty infiltration appears to be limited to the rat, altered liver nucleotides were observed in rats, hamsters and rabbits fed an arginine-deficient diet. Similarities of arginine deficiency and orotic acid feeding in various species are dis cussed.
Arginine deficiency is known to lead to a marked elevation in plasma and urinary orotic acid (1-3). Milner and Perkins (4) showed that arginine deficiency also re sulted in tremendous liver lipid accumu lation in the rat. Recently, Milner (5) in dicated that the hepatic steatosis was probably a result of altered orotic acid metabolism. Supplementation of the argi nine-deficient diet with adenine or guanine significantly reduced the hepatic liver lipid content (5) . Similar effects of adenine and guanine supplementation to diets containing 1% orotic acid have also been reported (6) . Arginine deficiency is also known to lead to cytopathologic changes in the liver of the chick which are characterized by a large intranuclear central basophilic body accompanied by hydrodystropic changes of the nucleoplasm and the cytoplasm (7) . Whether arginine deficiency leads to hepatic dis orders in other animals is unknown.
The susceptibility of orotic acid-in duced hepatic steatosis appears to depend on the species examined. Mice, chickens and monkeys apparently are not suscep tible to orotic acid-induced fatty livers (8) (9) (10) (11) (12) . Alterations in the liver ratio of purine to pyrimidine bases were observed in both the mouse and rat fed diets con taining orotic acid (12) . Therefore the degree of alteration induced by feeding orotic acid on one or more nucleotides may account for each species suscepti bility to hepatic steatosis.
The present studies were conducted to determine if age or weight of the rat altered its susceptibility to steatosis in duced by arginine deficiency. The in fluence of various dietary supplements on liver lipid accumulation and rates of orotic acid biosynthesis were examined in rats fed arginine-deficient diets. These experiments also examined the influence of arginine deficiency upon liver lipid in rats, mice, hamsters and rabbits. Further more, the liver nucleotide content of rats, hamsters and rabbits fed an arginine-de ficient diet was examined. All rats were housed in stainless steel cages in a room with controlled tem perature (28 Â±2Â°) and lighting (12 hours light-12 hours dark). Food and water were supplied ad libitum. Fresh food was offered daily. After the adaptation period half of the rats from each weight group were assigned to the control L-amino acid diet with or without arginine. The diets were made isonitrogenous by the addition of glycine. Six rats from each weight group were fed either the control or the arginine-deficient diet for 21 days before death. Urine specimens were col lected periodically from all rats during the feeding period. Urine samples were analyzed for orotate as previously de scribed (13) .
PROCEDURES
At the time of death a portion of the liver was quickly removed by freeze clamping, weighed and processed for nucleotide analysis. A portion of re maining liver was stored in liquid nitro gen for subsequent analysis of total lipid as previously described (4) . The liver content of nucleotides was analyzed by absorption at 254 nm after separation on a strong aniÃ³n exchange column (Pelliones SAX, Whatman Inc., Cliffon, NJ). A con cave gradient of 0.005-0.75 M phosphate buffer was used for the separation. The gradient was made by increasing the high strength buffer at a rate of 3.3% per minute after a 4-minute delay with the low strength buffer. Recoveries were measured by adding known quantities of the nucleotides to samples of homogenated liver. The percent recovery of added nucleotides ranged from 78.3 for cytidine diphosphate (GDP) to 88.6 for adenosine monophosphate (AMP), with an overall recovery of added nucleotides of 82.0%.
The incorporation of 14C-acetate into liver lipids was also examined. Liver slices made on a microtome (Stadie Riggs, A. H. Thomas Co., Philadelphia, PA) to an average thickness of 200 Â¡x were used for the incorporation studies. Slices (200-250 mg) were transferred to a 25-ml Erlenmeyer flask containing 3 ml of Krebs Ringer bicarbonate buffer, pH 7.4. The buffer contained 10 mM acetate, 5 mM glu cose, 0.3 units of insulin and 1 /u.Ci of radioactive sodium 14C-acetate. High ace tate concentrations were employed to eliminate the possible variability of endogenous pool size. Each flask was flushed with 95% O2 and 5% CO2 before stoppering.
All incubations were per formed for 3 hours. Preliminary studies revealed that the rate of 14C-acetate in corporation was linear for at least 3 hours. The reaction was stopped by the addition to 1 ml of 2 N HC1O4. Total lipid was ex tracted as previously described (4) and counted by liquid scintillation spectrometry (Model LS 9000, Beckman Instruments, Irvine, CA).
In experiment 2, the effect of various purine metabolites on the hepatic steatosis of arginine-deficient rats was examined. The initial weight of the rats was 30-40 g. Diets were supplemented with 1.0% of ribose, xanthine, hypoxanthine, inosine, or uracil. One of the test diets was supple mented with 0.2% adenine as adenine sulfate. At the time of death, liver slices made by the use of a Stadie Riggs micro tome were used for determining the rate of orotic acid biosynthesis (14) . Briefly, the incorporation of sodium ["(^bicar bonate (56.5 mCi/mmole, New England Nuclear Corp., Boston, MA) into orotic acid was used to determine the rate of pyrimidine biosynthesis. Liver slices were incubated in flasks for 3 hours in a metabolic shaker bath at 37Â°in 20 ml of Krebs improved Ringer II solution. The incubation media was made 30 mM in NaHCO3 and 5 mM ammonium chloride. 6-Azauridine (10 mM, Sigma Chemicals, St. Louis, MO), was added to inhibit the conversion of orotic acid into uridine monophosphate (UMP). Each flask con tained 50 /Â¿Ci of [14C]bicarbonate. In cubations were conducted in stoppered flasks having center wells containing paper wicks treated with base (hyamine hydroxide, New England Nuclear, Boston, MA) for trapping excess 14CO2. After in cubations, 2 ml of 1.5 N HC1O4 was in jected into the flask to stop the reaction. After addition of the acid, the flask re mained in the shaker bath for 30 minutes to allow absorption of the liberated I4CO2 by the base. The acidified tissues were homogenized in 8 N perchloric acid (PCA) and the orotate cocrystallized by the method of Tremblay et al. (14) . Radio activity was determined by a liquid spectrophotometer (Model LS 9000, Beck man Instruments, Irvine, CA).
In experiment 3, male ICR mice (17 g, HarÃ-an Industries, Indianapolis), ham sters (100g, Engle Laboratory Animals, Farmersburg, IN), or rabbits (1.3 kg, Kelley's Babbitry, Marshall, IL) were randomly assigned to either the control or arginine-deficient diet for 21 days of feeding. Urinary metabolites and liver lipid were analyzed as described in ex periment 1. The liver content of nucleotides was analyzed by high pressure liquid chromatography as previously de scribed.
Statistical analysis of two treatment studies were made using Student's f-test. (15) . Comparison of multiple treatments were made by applying the least signifi cant difference test following analysis of variance (15) . Values with P < 0.05 were considered significantly different.
RESULTS
All rats fed the arginine deficient diet in experiment 1 had significantly lower body weight gains over the 21 days of feeding (table 1) . However, food intake was de pressed only in the small rats (70-75 g) fed the arginine-deficient diet. As pre viously observed orotic acid excretion was found to be increased in all rats fed the arginine-deficient diet irrespective of body size [table 1] (16). Increased liver lipid was also observed in all rats con suming the arginine-deficient diet. The rate of liver lipid biosynthesis as indi cated by 14C-acetate incorporation in livers from rats fed an arginine-deficient diet was increased when expressed per milligram liver (table 1) .
Addition of xanthine, inosine or uracil to the arginine-deficient diet did not sig nificantly alter food intake, growth, liver orotic acid biosynthesis or the urinary excretion of orotic acid (table 2) . These compounds also did not significantly alter liver lipid accumulation resulting from arginine deficiency. Addition of adenine at 0.2% of the arginine-deficient diet reduced the liver lipid content to control concentrations.
Although adenine sup plementation did not alter the growth of 1Mean Â±SEM for six rats per weight groups per treatment. Means not sharing a common superscript letter differ P < 0.05.
2 Determined after 21 days of experimental feeding.
rats fed an arginine-deficient diet, it did dramatically increase the excretion of orotic acid (table 2) . Ribose and hypoxanthine also significantly reduced the liver lipid content of rats fed an diet free of arginine yet did not significantly alter orotic acid excretion (table 2) . Deletion of arginine from the diet did not significantly alter the liver lipid con tent of mice, hamsters or rabbits after 21 days of experimental feeding (table 3) . However, arginine deficiency did reduce growth and lead to the increased urinary excretion of orotic acid. The individual liver nucleotides of the rat, hamster and rabbit were significantly altered by 4). Arginine deficiency increased total pyrimidine nucleotides while decreasing total purine nucleotides in all species examined (table 4). The concentrations of cytidine monophosphate (CMP), GDP, uridine diphosphate (UDP), cytidine triphosphate (CTP) and uridine triphosphate (UTP) were consistently increased in the species examined. Although the energy charged was not significantly altered, the total adenosine nucleotides were significantly depressed by feeding the arginine-deficient diet in the rat, hamster and rabbit (table 4). A decrease of approximately 47, 40 and 30% in total feeding an arginine-deficient diet (table   TABLE 2 
Effect of various dietary supplements on growth, liver lipid, orotic acid biosynthesis and metabolites in the rat1-2
Control (15) 1Values represent a mean Â±SEM. The number of rats per treatment is denoted in parenthesis. See Materials and Methods section for experimental design.
2 Means not sharing a common superscript letter differ P < 0.05.
3 ND = not determined. 1Values are means Â±SEMfor six mice, six hamsters and three rabbits per treatment. Means not sharing a common superscript letter differ P < 0.05.
2 Determined on day 21 of experimental feeding. 3 ND = Not determined.
adenosine nucleotides occurred in rats, hamsters and rabbits, respectively. The concentration of adenosine triphosphate (ATP) decreased approximately 52, 38 and 27% in rats, hamsters and rabbits fed an arginine-deficient diet compared to controls.
DISCUSSION
Arginine deficiency in the rat is ac companied by a marked increase in liver lipids similar to that observed during orotic acid feeding. Arginine deficiency is known to alter pyrimidine biosynthesis by leading to excessive production of Nucleotide 1See Materials and Methods for experimental protocol. Values are means Â±SEM for five rats, five hamsters and three rabbits per treatment. Liver nucleotides were determined after 21 days of experimental feeding.
2 Means within a species not sharing a common superscript letter differ P < 0.05.
orotic acid (1) (2) (3) . The mechanism by which arginine deficiency leads to hepatic steatosis in the rat may therefore be due to abnormal orotic acid metabolism. The fatty infiltration induced by orotic acid feeding is not only a result of increased lipid biosynthesis (17) but due to an in ability to transport lipid to extrahepatic tissue (18) . Similarly, increased synthesis of liver lipids per gram liver in rats fed an arginine-deficient diet may account for part of the fatty infiltration. The influence of arginine deficiency on the transport of lipids is unknown.
Considerable evidence suggests that the hepatic steatosis in rats fed orotic acid may result from an altered liver content of purines relative to pyrimidines. Support for this hypothesis comes from the reversibility of the fatty liver by the withdrawal of orotic acid or by feeding supplemental adenine (6) . Similarly, Milner (5) has shown that the fatty liver of rats fed an arginine-deficient diet can be reversed by supplying arginine or feeding supplemental adenine. The pres ent studies clearly show that all purines are not equally efficacious in reducing liver lipid in the arginine-deficient rat. The inability of the tested purines in these studies to reduce rat liver lipid con centrations may be due to the limited ability of these purines to compete for 5-phosphoribosyl-pyrophosphate (PRPP). von Euler et al. (19) have proposed that PRPP may become limiting in the rat fed orotic acid. The competition of purines for PRPP has been used to explain the inability of hypoxanthine, guanine and other purines to prevent the fatty in filtration induced by orotic acid feeding (17) . This competition may explain the lower efficacy of these purines in the argi nine-deficient rat compared to adenine. Supplementation of the arginine-de ficient diet with 1% ribose reduced the liver lipid content compared to unsupplemented deficient rats. Although the mechanism by which ribose leads to this reduction is unknown, it may stimulate PRPP biosynthesis.
Inosine administra tion is known to increase PRPP concentra tions and lead to a depression in purine biosynthesis (20) . Increasing the PRPP concentration does not appear to be the only prerequisite for restoration of fatty livers since inosine did not alter the liver lipid content of the arginine-deficient rat liver.
Restoration of the total liver purine content may be the primary requirement for reversal of the fatty liver in both the arginine-deficient and orotic acid-fed rat. Consumption of the arginine-deficient diet did significantly alter the liver nucleotides in the rat, hamster and rabbit. Although the total adenine content of the liver was depressed in the arginine-de ficient rat, hamster and rabbit, no signifi cant alteration in the energy charge within each species was observed. The total pyrimidine to purine nucleotide ratio was increased in the rat, hamster and rabbit. Therefore, alterations in the total nucleotides do not appear to be the primary factor responsible for differences in sus ceptibility to arginine deficiency-induced fatty liver. However, the magnitude of the alteration may determine the susceptibil ity to arginine deficiency-induced hepatic steatosis. Mice, hamsters or rabbits do not respond to consumption of an argininedeficient diet by the induction of hepatic steatosis. The large depression in ATP concentration in the rat compared to the other species examined may explain the differences in susceptibility between these animals. All the species examined did exhibit a large increase in urinary orotic acid excretion as a result of con sumption of the arginine-deficient diet. Therefore, other factors in addition to the increased production of orotic acid must determine the fate of the liver lipids.
Orotic acid feeding is known to alter the synthesis of the a-lipoprotein re quired for lipid transport out of the rat liver (18) . Defective lipoprotein metabo lism appears to be one of the main causes of orotic acid-induced fatty livers (21) . Species differences in the apoprotein re quired for lipid transport may also explain the inconsistent effect of orotic acid feeding and arginine deficiency in in ducing fatty livers. The similarities of orotic acid feeding and arginine deficiency are clearly evident. However, the mech anism by which both result in hepatic steatosis in the rat is not completely understood.
